Reho JJ, Kenchegowda D, Asico LD, Fisher SA. A splice variant of the myosin phosphatase regulatory subunit tunes arterial reactivity and suppresses response to salt loading. The cGMP activated kinase cGK1␣ is targeted to its substrates via leucine zipper (LZ)-mediated heterodimerization and thereby mediates vascular smooth muscle (VSM) relaxation. One target is myosin phosphatase (MP), which when activated by cGK1␣ results in VSM relaxation even in the presence of activating calcium. Variants of MP regulatory subunit Mypt1 are generated by alternative splicing of the 31 nt exon 24 (E24), which, by changing the reading frame, codes for isoforms that contain or lack the COOH-terminal LZ motif (E24ϩ/LZϪ; E24Ϫ/ LZϩ). Expression of these isoforms is vessel specific and developmentally regulated, modulates in disease, and is proposed to confer sensitivity to nitric oxide (NO)/cGMP-mediated vasorelaxation. To test this, mice underwent Tamoxifen-inducible and smooth musclespecific knockout of E24 (E24 cKO) after weaning. Deletion of a single allele of E24 (shift to Mypt1 LZϩ) enhanced vasorelaxation of first-order mesenteric arteries (MA1) to diethylamine-NONOate (DEA/NO) and to cGMP in permeabilized and calcium-clamped arteries and lowered blood pressure. There was no further effect of deletion of both E24 alleles, indicating high sensitivity to shift of Mypt1 isoforms. However, a unique property of MA1s from homozygous E24 cKOs was significantly reduced force generation to ␣-adrenergic activation. Furthermore 2 wk of high-salt (4% NaCl) diet increased MA1 force generation to phenylephrine in control mice, a response that was markedly suppressed in the E24 cKO homozygotes. Thus Mypt1 E24 splice variants tune arterial reactivity and could be worthy targets for lowering vascular resistance in disease states. smooth muscle; cGMP; nitric oxide; blood pressure; mesenteric artery NEW & NOTEWORTHY Molecular mechanisms determining differential sensitivity of smooth muscles to nitric oxide-mediated relaxation have not been defined. This study uses a genetic mouse model to demonstrate that splice variants of myosin phosphatase set vascular smooth muscle sensitivity to NO and cGMP-mediated relaxation and thereby control blood pressure.
MYOSIN PHOSPHATASE (MP) is the primary mediator of smooth muscle relaxation and a key target of signaling pathways that regulate vessel tone (4, 8, 11) . Nitric oxide (NO) signaling through the second messenger cGMP increases MP activity, thereby decreasing force at any calcium concentration (20, 45) , i.e., calcium desensitization of force production. Although the exact mechanism by which NO/cGMP may activate MP has not been determined (see DISCUSSION) , in vitro and biochemical studies support a model in which the cGMP-dependent protein kinase (cGK1␣) protein is targeted to the myosin phosphatase regulatory subunit (Mypt1) via leucine zipper (LZ) motifs within coiled-coil (cc) domains present in the COOH terminus of Mypt1 and NH 2 terminus of cGK1 (7, 13, 15, 37, 41) .
Isoforms of Mypt1 are generated by alternative splicing of the 31 nt exon 24 (E24). Inclusion of E24 changes the reading frame and introduces a premature stop codon, thereby coding for a Mypt1 variant that lacks the COOH-terminal LZ motif (LZϪ). The splicing of E24 and thus generation of Mypt1 LZϩ/Ϫ isoforms is highly tissue specific, developmentally regulated, and modulated in disease (4, 36) . We and others have shown a correlation between the relative expression of the Mypt1 E24Ϫ/LZϩ isoform and sensitivity to NO/cGMP-mediated calcium desensitization of force production, comparing phasic vs. tonic smooth muscle (15, 29) , large vs. small arteries (30, 35, 49) , and animal models of vascular disease in which expression of the Mypt1 E24/LZ isoforms is altered (10, 14, 18, 21, 22, 30, 34, 47, 48) . These biochemical and physiological studies support the hypothesis that the regulated expression of the Mypt1 E24/LZ isoforms determines smooth muscle sensitivity to NO/cGMP-mediated relaxation. Parenthetically, it has been appreciated since the discovery of NO as the endothelial-derived relaxing factor that smooth muscle tissues vary in their sensitivity to NO-and cGMP-mediated relaxation (2, 6, 28, 31) , yet mechanisms for this differential sensitivity remain poorly described.
The testing of this MP "LZ hypothesis" and determination of the magnitude of the effect of the isoforms in determining vasodilator response to NO/cGMP in vivo require a model in which the expression of the Mypt1 E24/LZ isoforms can be manipulated as independent variables in vivo. To accomplish this, we inserted LoxP sites into the introns flanking mouse Mypt1 E24. Crossing these mice into a line in which Cre is conditionally expressed specifically within smooth muscle (SMMHCCreER T2 ) (43) leads to the knockout of E24 (E24 cKO), thereby shifting smooth muscle toward the Mypt1 E24Ϫ/LZϩ isoform. In our initial studies, we used heterozygous E24 cKO mice to recapitulate changes in Mypt1 E24/LZ isoforms in models of arterial maturation (35) and sepsis (34) . We showed that shift toward the Mypt1 E24Ϫ/LZϩ isoform lowered blood pressure (BP) and increased sensitivity to cGMP-mediated relaxation of the mesenteric arteries (MAs) from otherwise normal adult mice. The goals of the present study were twofold: 1) to determine the dose-response relationship between expression of Mypt1 E24/LZ ϩ/Ϫ variants and arterial function and BP, and 2) to test the hypothesis that forced expression of the Mypt1 E24Ϫ/LZϩ isoform (E24 cKO) will have salutary effects on arterial function and BP in a disease model, in this instance, the stress of a high-salt diet.
MATERIALS AND METHODS
Animal model. All animal protocols were reviewed and approved by the Institutional Animal Care and Use Committee at the University of Maryland and adhere to NIH guidelines. Using Zinc Finger Nuclease methodology in the inbred C57Bl/6J mouse line (Sage Laboratories, Boyertown, PA), LoxP sequences were inserted in the introns flanking mouse Mypt1 E24 outside of conserved putative cis-regulatory splicing sequences ( Fig. 1 ) (3, 39) (NCBI reference sequence: NC_000076.6 genomic coordinates 109001-115256). Targeted integration genotyping was achieved by placing restriction enzyme sequences (BsiWI and Hind III) next to each LoxP site. Mice with the E24 floxed allele were then bred to the smooth muscle specific SMMHCCreER T2 mouse (43) . Cre was activated in male mice via intraperitoneal injection of Tamoxifen (Sigma; 50 mg/kg in sunflower oil) for 3 consecutive days at 3 wk of age. These mice are described as E24 cKO. Control Creϩ mice without floxed alleles were treated in the same manner. Mice were studied at 8 -12 wk of age. A subset of mice were placed on a high-salt (4% NaCl) diet for 2 wk before study. The control mice in these experiments were continued on their normal-salt diet (0.4% NaCl).
RNA analysis. Blood vessels were dissected from the mice and stored in RNALater before homogenization and column purification of RNA (RNEasy; Qiagen). Total RNA (100 ng) was reverse transcribed using Superscript III enzyme (1,000 U), and cDNAs were subjected to conventional and quantitative real-time PCR as previously described (35) . The Mypt1 E24 alternative exon splice variants were amplified in a single PCR using IR-labeled primers that flank the alternative Mypt1 E24 exon. PCR products (E24ϩ and E24Ϫ) were gel separated, amplicon bands directly quantified with a Li-Cor Odyssey digital imager, and data reported as %Mypt1 E24 inclusion. TaqMan probes (Applied Biosystems) were used to quantify mRNAs by real-time PCR and normalized to cyclophilin A (Ppia), which was invariant. Data are expressed as fold change of transcripts using the 2 ϪddCt method.
Protein analysis. MAs and aortas were homogenized using a Next Advance Bullet Blender in a lysis buffer containing 125 mM Tris·HCl (pH 6.8), 20% sucrose, 10% SDS, and 1% proteinase inhibitor cocktail. Protein lysates (10 g) were loaded into 4 -15% Tris-glycine gels (Mini-PROTEAN TGX; Bio-Rad), separated at 80 V for 1.5 h, and transferred to nitrocellulose at 25 V for 2 h. Membranes were blocked with Li-Cor Odyssey blocking buffer and incubated with primary antibodies overnight at 4°C. Rabbit polyclonal antibodies specific for the Mypt1 LZϩ and LZϪ isoforms were used at 1:3,000 dilutions as previously described (35) . Membranes were incubated with secondary IRDye antibodies (800CW and 680LT) (1:10,000), imaged in the Li-Cor Odyssey digital scanner, and quantified with Image Studio 3.0 software. Membranes were then stripped and reprobed with a rabbit polyclonal antibody that detects all isoforms of Mypt1 (ab24670; Abcam). The LZϪ signal in each sample was divided by the LZϩ signal in each sample and then by the Mypt1 signal for internal normalization, which was invariant. The values of the Mypt1 LZϪ/LZϩ ratios are reported as fold change vs. control samples.
Vascular function. First-order MAs (MA1s, 2-mm length; 200 -250-m ID) were dissected free of connective tissue in a HEPES-bicarbonate physiological saline solution containing the following concentrations (in mM): 112 NaCl, 25.7 NaHCO 3, 4.9 KCl, 2.0 CaCl2, 1.2 MgSO4, 1.2 KH2PO4, 11.5 glucose, and 10 HEPES. The solution was at pH 7.4 and maintained at 37°C for experiments. Arteries were mounted on a four-chamber wire myograph (Model 610M; Danish Myo Technology). Force was continuously recorded and measured at steady state. Starting tension (IC 90) was equally applied to all arteries as previously described (35) . Arteries were then primed with two separate dose of phenylephrine (PE, 10 M) and allowed to equilibrate for 20 min in fresh, heated HEPES-bicarbonate buffer. Intact arteries were subjected to dose response to PE (␣adrenergic agonist; 1 nM-100 M), U46619 (thromboxane mimetic; 1 nM-10 M), and angiotensin II (1 nM-10 M). Maximal response of MAs to depolarization was assessed with 100 mM KCl. A subset of arteries were permeabilized with ␣-toxin (1,000 U/ml) and subjected to calcium clamp in high relaxing solution (pCa9) containing the following (in mM): 60 KMS, 5 EGTA, 0.02 CaCl 2, 9.26 MgCl2, 5.2 Na2ATP, 25 creatine phosphate, and 25 BES with pH 7.1 (intracellular pH) by 1 N KOH. Permeabilized arteries were subjected to dose response of calcium. PE-induced calcium sensitization was performed under calcium clamp at a submaximal concentration of calcium (pCa6; 1 M) with intracellular calcium stores depleted by preincubation of arteries with 10 M A-23187. Vessels were activated with 10 M PE with or without preincubation with nitro-L-arginine methyl ester (L-NAME) (100 M). Vasorelaxation responses to the NO donor diethylamine-NONOate (DEA/NO) were assessed in intact arteries activated with a submaximal concentration of PE (10 M). Dose responses to 8-bromo-cGMP (8-Br-cGMP) (1 nM-100 M) were assessed in ␣-toxin permeabilized, calcium-clamped (pCa6; 1 M) arteries. Relaxation data are presented as a percentage of maximal force. All chemicals were purchased from Sigma-Aldrich.
Telemetry blood pressure. Arterial pressure was measured via telemetry in conscious mice (12-16 wk of age) using PA-C10 transmitters (Data Sciences, St. Paul, MN), detected using telemetryreceiving platforms, and analyzed using Dataquest software as previously described (5) . The transmitters were implanted into the left carotid artery, and mice were allowed to recover for 1 wk before the transmitters were turned on. Blood pressure was measured continuously over the course of three consecutive days (day and night readings) at 10-min intervals and reported as the average of the mean arterial pressure (MAP) over the 3-day period.
Statistics. All data are presented as means Ϯ SE. Data were analyzed and graphed using SigmaPlot software (SYSTAT). mRNA and protein data and MAPs were analyzed using a one-way ANOVA. Vascular function data were analyzed via one-way ANOVA and a Bonferroni post hoc test or two-way repeated-measures ANOVA and a Bonferroni post hoc test. EC 50 values were calculated via standard curve analysis. Significance was accepted with a P Ͻ 0.05.
RESULTS

Efficient deletion of E24 from Mypt1 in vascular smooth
muscle. Treatment of male mice with Tamoxifen (50 mg/kg ip) for 3 days at 3 wk of age resulted in efficient smMHCCreER T2mediated deletion of E24 from the Mypt1 mRNA measured at 8 -12 wk of age (Fig. 1C ). In mice with one floxed allele (F/ϩ), there was an approximate 50% relative reduction in Mypt1 transcripts that were E24ϩ, whereas, in the homozygotes (F/F), there was nearly complete deletion of E24. The absolute magnitude of the change was dependent on the basal level. The phasic smooth muscle of the portal vein (PV) has the highest basal level of inclusion and thus the largest absolute drop, whereas the mesenteric and femoral arteries are intermediate, and the tonic smooth muscle of the aorta has the lowest level of inclusion and thus the smallest, yet still significant, reduction. The Mypt1 E24 ratios in the control mice (Creϩ treated with Tamoxifen; Fig. 1C ) were not different from untreated wild-type mice (35) . Similarly, mice of the genotype Creϩ//F/F that were not treated with Tamoxifen had normal Mypt1 E24 ratios (MA: %Mypt1 E24ϩ: 51.9 Ϯ 1.2%), indicating that insertion of LoxP sites or treatment with Tamoxifen in the absence of recombination did not alter the splicing of Mypt1 E24.
Isoform-specific antibodies confirmed that cKO of E24 caused the predicted reduction in the LZ-isoform of Mypt1 in the mesenteric arteries, with no change in the level of total Mypt1 and a corresponding increase in the Mypt1 LZϩ isoform ( Fig. 1D ). Again a dose-response was observed between the number of Mypt1 E24 floxed alleles and the decrease in the LZ-isoform and ratio of LZϪ/LZϩ (P Ͻ 0.05).
Conditional KO of Mypt1 E24 lowers systemic blood pressure. Arterial pressure was measured by telemetry in conscious mice over the course of three consecutive days at age 12 wk. Mice that were heterozygous for deletion of E24 had a ϳ15 mmHg decrease in their MAP compared with control The highly conserved and putative splicing regulatory sequence is shaded. Exon sequence is in green, and splice site sequence is in blue. Inserted LoxP sequences are in orange. B: schematic diagram of alternative splicing of Mypt1 E24. Skipping of E24 codes for the COOH-terminal leucine zipper (LZ) motif as shown that mediates heterodimerization with the NH2-terminal LZ motif in cGK1␣. Inclusion of the 31 nt E24 changes the reading frame and codes for a unique COOH-terminal sequence, designated LZϪ, and a premature termination codon. In the presence of Cre recombinase, intronic LoxP sites undergo recombination, resulting in knockout of E24 (E24 cKO). C: total RNA was purified and reverse transcribed from the mesenteric arterial arcade, aorta, portal vein, and femoral artery of control (Creϩ) and E24 cKO mice (heterozygotes: Creϩ//F/ϩ; homozygotes: Creϩ//F/F). These experiments used the smooth muscle-specific and Tamoxifen-inducible smMHCCreER T2 . In all experiments, mice were treated with Tamoxifen at age 3 wk and studied as adults (age 8 -12 wk) as described in MATERIALS AND METHODS. All mice in all experiments were Creϩ and treated with Tamoxifen, thus only the Mypt1 E24 genotype is shown in the graphs. PCR was performed on cDNAs using a single set of primers flanking E24 to amplify Mypt1 E24ϩ and E24Ϫ splice variants in a single reaction. PCR products were gel separated and quantified with a LiCor imager and graphed as a percentage of Mypt1 E24ϩ. D: protein lysates from mouse mesenteric arterial arcade were subjected to Western blot analysis. Membranes were probed with rabbit polyclonal antibodies specific for the LZϪ and LZϩ isoforms of Mypt1 (ϳ130 kDa) and then stripped and reprobed with an antibody that recognizes all Mypt1 isoforms. The LZϩ antibody also recognizes the LZ motif present in the Mypt family member p85. The ratio of Mypt1 LZϪ/LZϩ for mice of the different genotypes is plotted, normalized to the control value (n ϭ 3 each) * †P Ͻ 0.05 vs. control; ‡P Ͻ 0.05, F/ϩ vs. F/F mice ( Fig. 2A ; P Ͻ 0.05). There was no further reduction in MAP in mice that were homozygous for deletion of E24. There was no change in the diurnal pattern of BP in these mice ( Fig. 2B ).
Conditional KO of Mypt1 E24 increases mesenteric arterial sensitivity to NO and cGMP. To test the role of the Mypt1 LZ in determining arterial function, MA1s from E24 cKO mice were studied ex vivo by wire myography. MA1s from E24 cKO heterozygotes after preconstriction with PE (10 M) had markedly increased sensitivity of relaxation to the NO donor DEA/NO ( Fig. 3A ; EC 50 : CON: 18.2 Ϯ 5.6 M vs. E24 F/ϩ: 3.3 Ϯ 0.5 nM; P Ͻ 0.05). The maximal response was also significantly increased with complete relaxation of E24 cKO MA1s at the highest concentration of DEA/NO. MA1s from E24 cKO homozygotes exhibited the same dose response to DEA/NO as did the heterozygotes (Fig. 3A ; EC 50 : E24 F/F: 2.1 Ϯ 0.5 nM; P Ͻ 0.05 vs. control). In MAs that were ␣-toxin permeabilized and activated with calcium (pCa6; 1 M), sensitivity of relaxation to the cGMP analog 8-Br-cGMP was markedly increased in MA1s from the Mypt1 E24 cKO heterozygotes ( Fig. 3B ; EC 50 : CON: 95.2 Ϯ 11.0 nM; E24 F/ϩ: 3.0 Ϯ 2.5 nM; P Ͻ 0.05). The maximal response was also significantly increased with complete relaxation of E24 cKO MA1s at the highest concentration of 8-Br-cGMP. MA1s from E24 cKO homozygotes exhibited the same dose response to 8-Br-cGMP as did the heterozygotes (EC 50 : E24 F/F: 6.0 Ϯ 1.5 nM; P Ͻ 0.05).
Conditional KO of Mypt1 E24 and vasoconstrictor responses. MA1s from E24 cKO heterozygotes had normal force generation to a variety of contractile agonists including the ␣-adrenergic agonist PE, the thromboxane mimetic U46619, and angiotensin II (Fig. 4, A-C) . Similarly, force generation to depolarization induced with 100 mM KCl (Fig.  4D ) and to calcium in ␣-toxin-permeabilized preparations (Fig.  4E ) was unchanged. Interestingly, MA1s from E24 cKO homozygotes had markedly reduced force generation that was selective for PE ( Fig. 4A) , as there was no change in the response to the other contractile agents (Fig. 4, B-E) . There was no change in the sensitivity of the MA1 E24 cKO homozygotes to PE (EC 50 : CON: 0.5 Ϯ 0.1 M; E24 F/ϩ: 0.6 Ϯ 0.2 M; E24 F/F: 0.9 Ϯ 0.2 M). Preincubation with the arginine analog L-NAME (100 M) to suppress endogenous NO synthesis had no effect on force production to PE in MA1 from wild-type mice (Fig. 5A) , increased force to PE in the E24 cKO heterozygotes (Fig. 5B) , and increased but did not normalize force to PE in E24 cKO homozygotes (Fig. 5C ). This suggests an intrinsic and specific defect in the contractile response to PE in the E24 cKO homozygote mice. This did not appear to be a function of a change in the expression of ␣1a-adrenergic receptor mRNAs in the MAs, as there was no difference between groups (E24 F/ϩ: 1.1 Ϯ 0.3; E24 F/F: 1.1 Ϯ 0.2; fold change vs. CON; n ϭ 5-6). In MA1s that were ␣-toxin permeabilized and activated with submaximal calcium (pCa6; 1 M), there was no difference between the groups in the increment in force with addition of PE (10 M) and no effect in this assay of suppression of NO synthesis by preincubation with L-NAME (100 M) ( Fig. 4F ).
Conditional KO of Mypt1 E24 suppresses increased arterial contractility on a high-salt diet.
To determine how E24 cKO may affect vascular function under conditions of stress, adult mice were fed a high-salt (4% NaCl) diet for 2 wk. High-salt feeding did not change the ratio of Mypt1 E24ϩ/Ϫ splice variants (Fig. 6A ) or the levels of Mypt1, CPI-17, and MLCK mRNAs (Fig. 6B ) in the MAs of control and E24 cKO (F/F) mice. Interestingly, only in the E24 cKO mice on a high-salt diet was smooth muscle myosin heavy chain mRNA significantly increased by approximately fourfold (Fig. 6B ).
We next examined the effect of the high-salt diet on MA contractile function. In MA1s from control mice on a high-salt diet for 2 wk, maximum force to the ␣-adrenergic agonist PE was markedly increased, whereas there was no change in the sensitivity ( Fig. 7A ; EC 50 : CON ϩ NS: 0.9 Ϯ 0.4 M; CON ϩ HS: 1.0 Ϯ 0.5 M; P Ͼ 0.05). As noted above, MA1s from E24 cKO homozygotes had reduced maximal force generation to PE under basal condition and, in contrast to the control mice, had no augmentation in force production after 2 wk of the high-salt diet (Fig. 7A ) and no change in the sensitivity (E24 F/F ϩ NS: 0.9 Ϯ 0.2 M; E24 F/F ϩ HS: 3.0 Ϯ 1.0 M). The suppressed response of E24 cKO MA1 to PE was again specific. MA1s from both control and E24 cKO mice had increased force generation to KCl depolarization ( Fig. 7B ) and to calcium (Fig. 7C ) after 2 wk of the high-salt diet. In contrast, the high-salt diet reduced vasorelaxant sensitivity of MA1s to 8-Br-cGMP in ␣-toxin-permeabilized and calcium-activated (pCa6; 1 M) preparations (Fig. 7D) , with the magnitude of the shift greater in the E24 cKO compared with the control mice.
DISCUSSION
Mypt1 LZ motif and MP activation. In this study, we used smooth muscle-specific inducible deletion of Mypt1 E24 (E24 cKO) to test the role of the COOH-terminal LZ motif of Mypt1 in the control of arterial function and blood pressure. E24 cKO increased sensitivity of MA relaxation to the NO donor DEA/NO and to its second messenger cGMP, ex vivo, and lowered BP in vivo, thereby defining the critical role of the Mypt1 COOH-terminal LZ motif in controlling these functions. Yeast two-hybrid and in vitro biochemical studies demonstrated the binding of the NH 2 -terminal LZ of PKG1␣ with the COOH terminus of Mypt1 in vitro (7, 13, 15, 37, 41) . However, one study suggested that it was the cc domain just upstream of the LZ motif in Mypt1 that mediated this interaction (7) , whereas a second study suggested that the cc and LZ motif mediated heterodimerization (37) . These studies were limited by the highly reductionist approaches to the study of this complex enzyme, working mostly with peptide fragments and in simplified systems in vitro. The genetically engineered mouse model described here specifically introduced the LZ motif into the COOH terminus of Mypt1 in vivo. We used the classic assay to test MP function in situ-permeabilization of smooth muscle with force activated by calcium clamp (20, 45) to show that the expression of Mypt1 LZϩ isoform (E24 cKO) increased sensitivity to cGMP by 15-30-fold and increased the maximal response from ϳ50% to nearly complete relaxation. This is in agreement with a prior study that, by introducing leucine-to-alanine mutations into the LZ motif of PKG1␣, showed that the PKG1␣ LZ is required for its heterodimerization with Mypt1 and for the regulation of BP and vascular tone (24) . In contrast in a recent study of MAs from smooth muscle-specific KO of Mypt1 (Exon 1 flox) , contractile responses to agonists such as norepinephrine and to the antagonist NO donor sodium nitroprusside were unchanged (32) . The homozygous cKO mice did have the predicted increase in systemic BP (ϳ20 mmHg) and increased force generation of MAs to KCl depolarization. The difference between the effects of Mypt1 isoform switch (E24 cKO) in the present study vs. Mypt1 KO in the prior study is not certain. It should be noted that neither that study nor the prior study of PKG1␣ LZ mutation (24) examined effects of the introduced mutation on MP activity, as was done in the present study. The absence of the effect of Mypt1 KO on arterial reactivity could reflect redundancy with the highly related Mypt family member p85. p85 mRNA is expressed at levels similar to or greater than Mypt1 in the MAs (33) . p85 and the small subunit of MP (M21) each contain the identical COOH-terminal LZ motif (3); the role of these Mypt family members in control of arterial reactivity has not yet been tested or incorporated into the models for the control of MP function. The present study defines the critical physiological role of the Mypt1 LZ motif in the function of MP in vivo; however, we cannot distinguish between hypotheses that the LZ-isoform is required for binding of vs. activation by PKG1␣. In our prior studies of phasic smooth muscle (chicken gizzard, rat PV) that express nearly exclusively the Mypt1 LZ isoform, we showed by coimmunoprecipitation and functional and biochemical studies that PKG1␣ does not bind Mypt1 and that cGMP does not increase MP activity, causing dephosphorylation of myosin (15, 29) . This leads us to favor the hypothesis that the Mypt1 LZ motif is required for PKG1␣ binding in vivo. Perhaps the absence of the LZ-containing small M21 subunit in in vitro experiments has obscured the effect of relative affinities on subunit interactions. After binding, the mechanism by which cGMP/PKG1␣ activate MP is uncertain although, given that it is a serine-threonine kinase, it would presumably involve phosphorylation event(s). Studies of tissue homogenates have suggested that PKG1␣ phosphorylates Mypt1 at S695 and that this does not activate MP but rather prevents Rho kinasemediated phosphorylation at the adjacent T696 and the resultant inhibition of MP (disinhibition model) (9, 26, 44) . Consistent with this proposed model, in the present study, switch to Mypt1 LZϩ isoform (E24 cKO) caused a much larger increase in sensitivity to DEA/NO when the artery was activated by the ␣-adrenergic agonist compared with the increase in sensitivity to 8-Br-cGMP when permeabilized arteries were activated by calcium alone, although alternative explanations are also possible, including cGMP-independent effects of NO. In contrast, a recent in vitro biochemical study using expressed constructs in a heterologous system suggested that PKG phosphorylation at S668 of Mypt1 was responsible for activation of MP (46) . The very small size of the MAs used in the present study confounds biochemical assays such as coimmunoprecipitation to define protein interactions and assays of protein phosphorylation. However, substantial caution is required in using phospho-epitopes as surrogate indicators of kinase and phosphatase activities. Many phosphorylation sites on Mypt1 have been described, as reviewed above; even for one well accepted as a marker, RhoA-associated protein kinase phosphorylation of Mypt1 at T852, T852A mutation in vivo had no effect on bladder smooth muscle force production (1). Mypt1 E24 dosage and arterial function. The increase in sensitivity to NO/cGMP-mediated vasorelaxation and reduction in BP was highly sensitive to Mypt1 E24 variants, as deletion of one or both E24 alleles had the same effect on these parameters. There are several points worth noting here. First, the mature mouse MA1 at baseline has an ϳ50:50 mix of the Mypt1 E24ϩ/Ϫ isoforms, and in functional assays its response to cGMP-mediated calcium desensitization is intermediate between that of 1) the mature PV, which expresses nearly exclusively the Mypt1 E24ϩ/LZϪ isoform and shows little response (15, 29) ; and 2) the aorta, which expresses nearly exclusively the Mypt1 E24Ϫ/LZϩ isoform and completely relaxes (15) , similar to that of the MA1 from the Mypt1 E24 cKO mouse. Thus it is possible that PV, or rat MA1 in which the E24ϩ/Ϫ ratio is 80:20 (30), would show a more graded dose response to E24 cKO. In any event, these results are consistent with prior studies indicating that NO is an important vasodilator in all arteries, but its role as the endotheliumderived relaxing factor diminishes as vessel size diminishes (25, 38) . Of course NO-mediated vasodilation is a function of its effect on calcium sensitivity and calcium flux, the latter not evaluated in the calcium clamp experiments and beyond the scope of this study. We establish the 20% Mypt1 E24ϩ (LZϪ) as the lower threshold beyond which no further increase in response to NO/cGMP-mediated vasodilation and lowering of BP will occur. The difference between the response of arteries expressing E24ϩ vs. E24Ϫ variants of Mypt1 thus represents the NO vasodilator reserve that can be recruited for full vasodilator response to NO when needed under pathological conditions (30, 34, 47, 48) . This concept of reserve has been applied to other components of the NO signaling pathway, guanylate cyclase activity (23), for example, and is a generalized phenomenon of receptor signaling.
One potentially important difference between heterozygous and homozygous E24 cKO was a specific reduction in the force generated to the ␣-agonist PE. This was not due to the increased sensitivity to NO/cGMP because it was only partially normalized by the arginine antagonist L-NAME, nor does it reflect a generalized effect because force generated to other agonists (thromboxane analog, angiotensin II), KCl depolarization, and calcium were all normal. In this study, we were not able to identify a specific mechanism for this effect, but it does not appear to be due to an inability of PE to activate MP under these conditions. PE caused a similar degree of calcium sensitization in permeabilized preparations in control and E24 cKO, albeit the magnitude of this effect was rather small in the mouse MA1s. One possible explanation is that the switch to the Mypt1 LZϩ isoform causes a basal locked-in activation of MP that is not reversed by inhibition of NO synthesis with L-NAME, similar to what has been proposed in thromboxane activation of force in rat cerebral arteries (27) . Interestingly, in a prior study using a similar smooth muscle-specific cKO strategy, it was shown that cKO of G␣q-G␣11 specifically abolished constrictor response to PE and angiotensin II, whereas cKO of G␣12-G␣13 had more potent effects on ET-1 and thromboxane analog constriction, demonstrating specificity in the coupling of the G protein-coupled receptors (GPCRs) to the contractile machinery (43) . Thus it is possible that E24 cKO had a specific effect on the PE signaling pathway downstream of the GPCR, perhaps via cross talk through regulator of G protein signaling 2, which is activated by NO/cGK1␣ and suppresses ␣-agonist activation of force (19, 40, 42) . However, there are many points of cross talk between these constrictor and dilator signaling pathways, and further studies are required.
Mypt1 E24 cKO: Effect of high-salt diet. Here we used 2 wk of a high-salt diet as the model to determine how E24 cKO affects arterial function under stressed conditions. MAs from control mice under high salt had increased force generation to all modes of activation, including KCl depolarization, calcium, and the ␣-adrenergic agonist PE, without a change in sensitivity. This suggests an increase in the force-generating capacity of the myofilaments, without a change in the signaling pathways that activate them. MAs from E24 cKO homozygotes under high salt also had increased force generation to KCl depolarization and calcium, indicating that the ability to augment force in this condition was not affected by E24 cKO. However, force generation to PE in E24 cKO was basally suppressed and did not augment under salt loading in the E24 cKO homozygotes, suggesting that E24 cKO causes a sustained suppression of ␣-agonist-mediated vasoconstriction. As discussed above, the mechanism for this specific effect on contractility requires further study.
These mice did not have elevations in BP after the 2 wk of salt loading, consistent with prior studies that showed that additional stressors such as angiotensin II are required to raise BP in this Bl6 strain of mice (5) . These results have interesting parallels with prior studies of Dahl salt-sensitive rats in which it was shown that high-salt diets (7% NaCl) augmented vasoconstrictor response to norepinephrine and nerve stimulation in the perfused mesenteric preparation. This enhanced response was present in the prehypertensive phase, at 5 days and 3 wk of high-salt feeding, but had normalized by 5-6 wk, at which time hypertension was evident (16, 17) . In the present study, the sensitivity of the MAs to cGMP studied ex vivo under calcium clamp was reduced in mice on the high-salt diet for 2 wk. This effect was greater in the E24 cKO compared with the wild-type mice, such that the difference in response to cGMP in mice on a high-salt diet was still significant but significantly narrowed between E24 cKO and WT mice. We do not have an explanation for this change in sensitivity, but it did not appear to be due to a change in Mypt1 E24 isoform expression. PKG1␣ has many targets in smooth muscle that regulate calcium sensitivity and calcium flux (12) , and further studies are required to address this question.
Conclusion. In conclusion, Mypt1 E24 splice variant isoforms tune arterial reactivity under basal and pathological conditions and thereby control blood pressure. Sensitivity to NO/cGMP-mediated vasorelaxation is highly sensitive to increasing expression of the Mypt1 E24Ϫ/LZϩ isoform. Targeting of E24 may thus be a worthy goal for the treatment of the many human conditions in which systemic vascular resistance and blood pressure are increased.
